Prolyl cis/trans isomerizations determine the rates of protein folding reactions and can serve as molecular switches and timers. In the gene-3-protein of filamentous phage, Pro-213 trans 3 cis isomerization in a hinge region controls the assembly of the 2 domains N1 and N2 and, in reverse, the activation of the phage for infection. We elucidated the structural and energetic basis of this proline-limited domain assembly at the level of individual residues by real-time 2D NMR. A local cluster of inter-domain hydrogen bonds, remote from Pro-213, is stabilized up to 3,000-fold by trans 3 cis isomerization. This network of hydrogen bonds mediates domain assembly and is connected with Pro-213 by rigid backbone segments. Thus, proline cis/trans switching is propagated in a specific and directional fashion to change the protein structure and stability at a distant position.
T
he cis/trans isomerizations of peptidyl-prolyl bonds in proteins are intrinsically slow processes. They determine the rates of protein folding reactions and are used as slow switches to regulate biological processes (1) (2) (3) (4) (5) (6) (7) (8) . In unstructured protein chains, the trans form is favored over cis, and therefore proteins with cis prolyl bonds in the native state must undergo trans 3 cis isomerization during their folding (9, 10) . In this case, folding typically starts with a particular proline still in the incorrect (trans) state, but when a certain extent of folding is reached, this trans proline acts as a barrier and blocks further folding (11) (12) (13) .
The coupling between conformational folding and prolyl isomerization has been studied for several small single-domain proteins (14) (15) (16) (17) (18) (19) . In the folding of the gene-3-protein (G3P) of phage fd, prolyl isomerization determines the rate of the final domain assembly step. G3P consists of 3 domains. The carboxy terminal (CT) domain anchors G3P in the phage coat (20) , and the 2 amino terminal domains N1 and N2 form a functional entity that protrudes from the phage surface and mediates the infection of Escherichia coli cells (21) . In the N1-N2 unit (Fig.  1A) , N1 (residues 1-67) and N2 (residues 105-204) are linked by the hinge region, which forms numerous contacts with the N1 domain. The hinge region is formed by 2 noncontiguous chain regions (residues 89-104 between N1 and N2 and residues 205-220 after N2) and shows a well-ordered structure in the native protein.
The time course of folding of G3P extends from milliseconds to hours (Fig. 1B) . It starts with an extremely rapid folding reaction in the N1 domain with a time constant ϭ 9.4 ms, followed by 2 folding reactions in N2, which show values of 7 and 42 s. In the final, very slow step ( ϭ 6,200 s), the 2 domains assemble in a reaction that involves further folding in the hinge region and is limited in rate by the trans 3 cis isomerization of Pro-213 (5, 22) .
When G3P is fully folded, the phage is not infectious, because the binding site for its receptor is buried at the interface between the domains N1 and N2. The final, Pro-213-limited folding step must be reverted to unlock the domains and activate the phage for infection (5, 6, (23) (24) (25) . This slow process is thus of dual importance. It represents the final rate-limiting step of folding of G3P as well as the transition between the partially folded, functionally active state and the fully folded but functionally inactive state. Therefore, G3P belongs to the increasing number of examples reported recently, where the isomeric state of a proline modulates activity, ligand binding, and physiological regulation (4, 8, (26) (27) (28) (29) .
Here we used real-time 2D NMR spectroscopy (30) and amide hydrogen exchange experiments (31, 32) to analyze the structure and the stability of the folding intermediate of G3P at the level of individual residues. In the final domain docking reaction a chain of interconnecting hydrogen bonds gets stabilized. This trace provides a molecular link between the isomeric state of remote Pro-213 and the stability of the inter-domain interface, which controls infectivity.
Results
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This article contains supporting information online at www.pnas.org/cgi/content/full/ 0902102106/DCSupplemental. studies (33) . Phage carrying this stabilized version of G3P infect E. coli cells; the infectivity is, however, 10-fold reduced, because the locked, noninfectious form of G3P* is stabilized relative to the unlocked, infectious form (6) . To study the folding mechanism of a protein by liquid state NMR spectroscopy at residue level, assignments of backbone amide resonance are required. G3P* consists of 226 residues and shows a well-dispersed 2D 15 N-TROSY-HSQC spectrum. More than 90% of the amide cross peaks of G3P* could be assigned (see Fig. S1 ) by standard triple-resonance NMR experiments. These assignments together with the crystal structure of wild-type N1-N2 G3P (21) Fig. 2A) . After the completion of refolding, a second NMR spectrum was recorded under identical conditions. It is referred to as the ''reference spectrum'' of the fully folded protein with a cis Pro-213 (Fig. 2B) . Finally, the kinetic spectrum was subtracted from the reference spectrum to obtain the ''difference spectrum'' (Fig. 2C ).
Two sets of signals (31, 35) were analyzed: The signals of set 1 originate from amide NH that are already in a native environment in the intermediate I. They show identical chemical shifts and identical intensities in I and N, and thus they vanish when the kinetic spectrum is subtracted from the reference spectrum. In the reference spectrum they show a positive peak. Gln-116 and Asn-182 provide examples for such native-like residues in I (Fig. 2) .
The signals of set 2 originate from those amides that are in a non-native environment in the intermediate and become native during the rate-limiting folding reaction, which takes place during the acquisition of the kinetic spectrum. At native chemical shift positions, they show a reduced intensity in the kinetic spectrum, because only N, but not I, contributes to these signals. Therefore, a reduced, but positive signal is observed in the difference spectrum. Examples are provided by Thr-56 or Ser-208 (Fig. 2) .
In Fig. 2D , the residues with native-like chemical shifts in the intermediate (set 1) are depicted in blue, those with a nonnative chemical shift (set 2) in red. A detailed listing of individual residues is given in Table S1 . Almost all of the assigned residues of the hinge belong to set 2, evidently because the hinge is not native-like structured in the folding intermediate with the nonnative trans Pro-213. In the N1 domain, the residues that are close to the hinge (shown in red in Fig. 2D ) also do not show native chemical shifts, whereas those distant from the hinge subdomain are in a native-like environment in the intermediate already (shown in blue in Fig. 2D ). In the N2 domain, almost all residues are in a native conformation in the folding intermediate except Asn-138 and Asn-139. They form contacts with N1, which apparently cannot be fully established when Pro-213 in the hinge is still in the incorrect trans conformation. Together, the realtime NMR results suggest that the incorrect trans isomer of Pro-213 does not allow folding of the hinge to go to completion, and in turn, the hinge and the domains N1 and N2 cannot associate as in the fully folded state. Chemical shift analyses such as those in Fig. 2 provide detailed, site-specific information about the structure but not the stability of the folding intermediate. Stability data can be derived from the protection of individual amide protons from exchange with the aqueous solvent (36) . First, the fully folded form of G3P* was studied by amide hydrogen exchange (amide HX) measurements at pH 7.0, 25°C. The protonated (N H ) protein was transferred from 50 mM phosphate buffer in H 2 O to the same buffer in D 2 O, and the decrease in the intensities of the NH cross peaks were followed by a series of 15 N-TROSY-HSQC spectra as a function of time for 7,000 min. We assumed that individual NH exchange by an EX2 mechanism (see Fig. S2 ) in a monoexponential reaction. Protection factors (P) were calculated by using the intrinsic exchange rates of corresponding amides in peptides as a reference (37) . They are shown in Fig. 3A and in Table S1 . Several NH of G3P* exchanged very slowly, and therefore, the NMR cross peak intensity decreased less than 5% during the HX experiment. For these NH, a lower limit for P of 2 ϫ 10 6 is assumed, as indicated in Fig. 3A and 2 ϫ 10 6 represents the highest protection factor of residues with well-defined exchange kinetics. It is equivalent to ⌬G D Ն 36 kJ/mol, which agrees with the ⌬G D value of 37 kJ/mol, obtained from denaturant-induced unfolding transitions measured by fluorescence spectroscopy (33) . No protection was observed for the glycine-rich unordered linker between N1 and the hinge, which extends from residue 68 to residue 88.
Protection factors of 10 6 or higher were observed for residues in all 3 structural units of G3P*: N1, N2, and the hinge region (Fig. 3A) . This equally high protection suggests that unfolding of G3P* under native conditions is a cooperative reaction, in which domain disassembly and domain unfolding are coupled reactions.
For the isolated N1 domain (Fig. 3C) , the most strongly protected amide NH show protection factors of about 2 ϫ 10 5 . This P is equivalent to an ⌬G D value of 30 kJ/mol, in good agreement with the ⌬G D value of 29.2 kJ/mol, as calculated from the GdmCl-induced unfolding transition of isolated N1 (33) . The inter-domain interactions in G3P* mediated by the hinge thus increase the stability of the N1 domain at least 10-fold. A particularly strong stabilization is provided for amide NH around ␤ strand 1 of N1 (residues 10-25), which contacts the hinge in folded G3P*.
HX experiments could not be performed with the isolated N2 domain, because it aggregates at high concentration under the exchange conditions (38) . Urea-induced unfolding transitions measured at low protein concentrations gave an equilibrium constant of folding for isolated N2 of 180 at 15°C. Therefore, isolated N2 is only marginally stable and at least 10 4 -fold stabilized when it is assembled with the hinge and the N1 domain in fully folded G3P*. Fig. S3 ). This reference spectrum provided the full intensity of the NH cross peaks in the native protein.
To facilitate the interpretation, the analysis was restricted to those 48 amide NH that are highly protected in the native protein and thus retained the full cross-peak intensity during the experiment (gray background in Fig. 3B ). A decreased cross-peak intensity in the competition experiment relative to the reference experiment shows that partial amide HX must have occurred in the folding intermediate at a particular residue. Assuming that the . Amide NH that showed no exchange in A were assigned to a value of 2 ϫ 10 6 , which is the highest protection factor that could be determined under the experimental conditions. They are marked by asterisks without error bars. All residues that could be analyzed are marked by a gray background. In A and C, these marked residues are all assigned nonprolyl residues. For the calculation of protection factors of the folding intermediate (B) only residues were analyzed that showed no exchange in the native state during the experiment. Black lines indicate error bars. amide HX from the folding intermediate follows an EX2 mechanism, the protection factor P of individual NH can be calculated with Eq. 1 (31) . The rate of folding from the intermediate to the native state (k f ϭ 1.6 ϫ 10 Ϫ4 /s) is taken from our previous work (22) , and the intrinsic exchange rates (k int ) were taken from reference (37) . S is the ratio of signal intensities as observed in the competition experiment (equivalent to N H in Scheme 1) and in the reference experiment (equivalent to N H ϩ N D in Scheme 1).
The protection factors calculated for the folding intermediate by this procedure are shown in Fig. 3B and in Table S1 . They are rather uniform for N1 and N2 and typically, in the range of Ն3 ϫ 10 5 , which is equivalent to a ⌬G D value of Ϸ30 kJ/mol. In the C-terminal region of N1, the protection factors for the most highly protected NH (Fig. 3B) are similar in the folding intermediate and in the isolated N1 domain (Fig. 3C) . In the N-terminal region, however, the protection factors are higher than for the isolated N1 domain, which indicates that this part is locally stabilized in the intermediate.
In the folding intermediate, the N2 domain is at least 10 3 -fold stabilized compared with N2 in isolation (38) and only about 10-fold less stable than in the fully folded protein. This increased stability correlates well with the finding that N2 already shows native-like chemical shifts in the folding intermediate (Fig. 2) . In the hinge subdomain, only 6 amide NH satisfied the criterion for our analysis, and they are not or only marginally protected in the folding intermediate (Fig. 3 A and B) . For residues that cluster in the ␤-strands of N1 that point toward the hinge and in the ␤-strands of the hinge itself, up to 10 3 -fold increases in the protection factors were observed (Fig. 4A) .
Discussion
Trans Pro-213 Arrests N1 and the Hinge in Partially Folded Conformations and Maintains G3P in an Unlocked Form. The N1 and N2 domains of G3P* start to fold individually, but their assembly is very slow, because it is limited in rate by the trans 3 cis isomerization of Pro-213 in the hinge between the domains (Fig. 1B) . This isomerization retards folding more than 10 3 -fold. When Pro-213 is cis, the 2 domains become tightly locked, which, in turn, retards unfolding, also Ϸ10 3 -fold. Our real-time 2D NMR experiments in combination with amide HX revealed how Pro-213 trans 3 cis isomerization changes the structure of G3P* and the local stability during the transition from the unlocked folding intermediate, which is the infectious state, to the locked, fully folded state.
The trans isomer of Pro-213 in the unlocked folding intermediate affects the individual structural elements of G3P* differently. The N2 domain has virtually reached a conformation as in the fully folded protein already before the domain locking reaction (Fig. 2) . However, in the hinge region and in parts of N1 facing the hinge, extended regions with non-native structure were detected. Folding of the hinge is thus coupled to Pro-213 trans 3 cis isomerization, and the N1 domain cannot associate with the hinge in a native-like fashion when Pro-213 is still trans. In folded G3P* (21), most inter-domain contacts are in fact localized between the hinge region and the N1 domain. Apparently, they are controlled by Pro-213 and cannot be established before Pro-213 trans 3 cis isomerization has occurred in the final step of folding. The loops Asp-24-Asp-28 in N1 and Phe-136-Asn-139 in N2 also change their structures during the slow domain locking reaction (Fig. 2D) . These loops are remote from the hinge, but involved in the contacts between N1 and N2 in the folded protein. Evidently, the interdomain contacts in this remote area are also controlled by Pro-213 isomerization.
Pro-213 Isomerization Couples the N1 and N2 Domains to a Single
Cooperative Unit. The equilibrium unfolding of G3P* consists of 2 successive transitions (6, 22) . In the first transition, the domains disassemble and N2 unfolds, but N1 remains native-like. It unfolds in the second transition, which occurs at higher temperature or denaturant concentration as confirmed by experiments with the isolated domains. N1 shows the same transition midpoints as part of G3P* and in isolation. N2, however, is much less stable in isolation (22, 33, 38) .
The analysis of the amide HX experiments provided a residuespecific insight into the local stability of the fully folded protein with cis Pro-213. Highly protected amide NH with protection factors higher than 10 6 were found in all 3 parts of G3P* (Fig. 3A) , suggesting that under native conditions N1, N2, and the hinge region form a cooperative unit. Apparently, domain assembly in the final folding reaction provides the major contribution to the stability of the entire protein and determines global unfolding under native conditions. This conclusion remains semiquantitative, because several NH in N1 and N2 were so strongly protected that they exchanged to a small extent only in our HX experiments. In wild-type G3P, the coupling between the domains in probably weaker, because two of the stabilizing substitutions in G3P* reside in the hinge that holds the domains together.
The N2 domain strongly benefits from the cooperative interactions in folded G3P*. Its equilibrium constant of folding is about 10 4 -fold higher compared with the isolated N2 domain (38) . In the folded protein, the chain ends of the N2 domain are kept together by the antiparallel ␤-sheet structure in the hinge, and the corresponding favorable change in entropy accounts most likely for a major part of the strong stabilization of N2. This entropic effect on the N2 domain is present to a large extent already when the hinge is only partially structured, as in the folding intermediate with a trans Pro-213.
Molecular Trace for the Pro-213-Controlled Domain Docking in the Final Folding
Step. Fig. 4A shows the locations of the 48 amide NH for which the protection factors could be determined in the intermediate state. Residues with similarly high protection factors in the intermediate and in the fully folded protein are colored blue. Here, the protection factor in I is already as high as in N or less than 10-fold smaller. These residues are mostly located in the N2 domain and in the part of N1 remote from the hinge. Their local stabilities are thus largely unaffected by the isomeric state of Pro-213, which agrees with the finding that most of them show native-like chemical shifts in the intermediate already (Fig. 2D) Amide NH with a moderate (10-to 100-fold) increase in protection factor during the domain locking reaction are found in both N1 and N2 (magenta in Fig. 4A ). Several of them are near the domain interface or in the core of N2, indicating that the already native-like folded structure of N2 is tightened during Pro-213-mediated domain assembly. Similar stabilizations are found in N1 near the tip and the base of the ␤ hairpin that contacts the N2 domain in the folded protein. The amide NH that are more than 100-fold or even more than 10 3 -fold stabilized in response to the Pro-213 trans 3 cis isomerization are all located in the hinge or in positions in the N1 domain that face the hinge.
Amide protons of a protein backbone are protected from exchange predominantly by H bonding with their acceptors, and increased protection factors indicate that the corresponding H bonds are strengthened. Fig. 4B provides an alternative representation of the NH protection results. It highlights directly those hydrogen bonds that become strongly stabilized when Pro-213 isomerizes from trans to cis. They form a chain of interactions that crosses the interface between N1 and the hinge twice. The chain initiates at Val-215 in the hinge and bridges over into the N1 domain at Ser-16. The protection of the backbone H bond between these 2 residues improves 650-fold upon Pro-213 trans 3 cis isomerization. H bonding then proceeds via Asn-15 to Gly-55 and on from Tyr-54 to Val-45. Its neighboring residues Cys-46 and Val-44 are engaged in backbone H bonds with Tyr-100 and Tyr-102, respectively, back in the hinge again. These 3 interdomain H bonds also become strongly stabilized in N. The chain of events is completed by the strong stabilization of 3 H bonds between the 2 ␤ strands within the hinge. Remarkably, the Cys-46-Tyr-100 H bonds between N1 and the hinge, as well as the Gly-99-Ser-208 H bonds in the hinge, are stabilized more than 10 3 -fold (Table S1 ). We propose that the strong stabilization of the cluster of hydrogen bonds between the residues 44-46 in N1 and the residues 99-102 and 206-208 of the hinge (Fig. 4B) provides the structural and energetic basis of the domain locking reaction that is triggered by the trans 3 cis switching at Pro-213.
The strongly stabilized backbone H bonds that are highlighted in Fig. 4B trace a molecular path that uses the spatial specificity of H bonds and differences in local stabilities to propagate the signal that is triggered by the Pro-213 switch. The cis/trans switching at Pro-213 is thus propagated over a C ␣ -C ␣ distance between 13.7 Å (to Gly-99) and 21.3 Å (to Gln-206). At present, we do not know how the Pro-213 isomerization signal itself is connected with the anchor points of the chain of H bonds at Val 215 and at Gly-99/Ser-208, because our technique probes the stabilization of backbone H bonds. It has, however, not escaped our attention that the chain regions between Pro-213 and the anchor points of the H bonded clamp are strongly enriched in prolines and in ␤-branched residues. These residues increase the chain rigidity and thus helps in propagating the Pro-213 isomerization signal to either side of the hinge.
During phage infection, the back reaction, Pro-213 cis 3 trans isomerization, is used to expose the binding site for its receptor TolA. This activation probably uses a similar mechanism. It reverses the last step of folding and thus weakens the aforementioned cluster of hydrogen bonds between N1 and the hinge region to unlock the domains of G3P. However, the present NMR folding studies had to be performed with a stabilized variant of G3P that contains 2 substitutions in the hinge, and therefore conclusions regarding the molecular mechanism of page infection remain tentative. Still, we now begin to understand how changes in the isomeric state at a proline residue can be propagated in a specific and directional fashion to other regions during folding or in a folded protein.
Materials and Methods
Expression and Purification. G3P* was expressed and purified as described previously (22) , using M9 minimal medium containing 15 N-NH4Cl or 15 N-NH4Cl, 13 C-glucose, and D2O. NMR Experiments. All NMR spectra were recorded in 50 mM sodium phosphate pH 7.0 (or pD 6.6) at 298 K, containing 10% or 100% D2O if not stated differently. Spectra were processed using NMRpipe (39) and analyzed using NMRview (40) . For the backbone resonance assignments, trHNCA, trHNCACB, and trHN(CO)CACB spectra of a 15 N/ 13 C/ 2 H sample were acquired with a Bruker Avance 700 spectrometer equipped with a cryoprobe. The published backbone assignments of the N1-domain (25) were confirmed by 15 N-NOESY-HSQC and 15 N-TOCSY-HSQC spectra with a Bruker Avance 600 spectrometer.
Amide HX of native G3P* was followed by measuring 58 15 N-TROSY-HSQC spectra over 5 days with a Bruker Avance 800 spectrometer equipped with a cryoprobe. Amide HX of native N1 was followed by measuring 100 15 N-HSQC spectra within 3 days with a Bruker Avance 600 spectrometer. Both reactions were started by dissolving lyophilized protein in D2O buffer. Error bars in Fig.  3 A and C result from the fit of a single exponential function to the NMR intensities. The EX2 exchange regime was verified for G3P* by repeating the experiment at pH 8.0 (see Fig. S2 ).
For real-time NMR experiments, refolding of 15 N G3P* was started by a 4-fold dilution of the unfolded protein (in 4.0 M GdmCl, 50 mM sodium phosphate, pH 7.0) to a final GdmCl concentration of 1.0 M in the same buffer. After a dead time of 30 min, 2 identical 15 N-TROSY-HSQC experiments were acquired by a Bruker Avance 800 spectrometer equipped with a cryoprobe. Both spectra were measured for 8 h, the first (kinetic) spectrum during the folding reaction, and the second (reference) spectrum directly after the completion of refolding. Then the kinetic spectrum was subtracted from the reference spectrum to obtain the difference spectrum (31) . The entire experiment was reproducibly repeated once.
For the competition experiment between refolding and amide HX, refolding of 15 N G3P* was started by a 4-fold dilution of the unfolded protein (in 4.0 M GdmCl, 50 mM sodium phosphate, pH 7.0) to a final GdmCl concentration of 1.0 M in the same buffer. All buffers contained 100% H2O. After 5 min, when the refolding reactions of the individual domains were complete, the solvent was exchanged to a D2O-containing buffer without GdmCl using a NAP10 gel filtration column (GE Healthcare). Amide HX was allowed to proceed for 10 h at 298 K and then an 8-h 15 N-TROSY-HSQC spectrum was measured with a Bruker Avance 900 spectrometer. For referencing, an identical amide HX experiment was performed starting with the same amount of folded G3P* in 1 M GdmCl. After the amide HX experiments, the protein concentrations in the NMR tubes were determined by absorption and used for the comparison of the NMR intensities observed in the 2 spectra after the exchange experiments. The calculation of the protection factors for the intermediate I according to Eq. 1 are based on end point analyses. With the current signal-to-noise ratio of the spectra, S, values between 0.99 and 0.03 can be used for a quantitative analysis. The lower limit is additionally determined by the presence of residual protons in the solvent (Ϸ1%). Error bars for Fig. 3B were calculated for ln(P) by error propagation, because only differences in orders of magnitude are discussed.
